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ABSTRACT 
The in vitro incorporation of a well-characterized integral protein cytochrome b5 
into membranes of various subcellular organeUes was investigated by biochemical 
and immunochemical  methods.  Microsomes, peroxisomes, and outer mitochon- 
drial membranes,  all containing  endogenous cytochrome b5, incorporated  large 
amounts of the hemoprotein in such a way that it was reducible by an inherent 
NADH  cytochrome bs  reductase.  Lysosomal  membranes  did  not  incorporate 
cytochrome bs. Inner mitochondrial and Golgi membranes, which do not naturally 
contain cytochrome bs, bound it in vitro but it was not reduced in the presence of 
NADH. These results show some discrepancies between the natural localization 
and the in vitro binding of cytochrome bs. They confirm one aspect of the fluid 
membrane  theory and bring new elements to our understanding  of the mainte- 
nance  of the  specific features of the  membranes  of subcellular organelles  with 
respect to the cell dynamism. 
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membrane  specificity 
The notion of the specific membrane proteins was 
first proposed by de Duve when he introduced the 
general  concept  of specific enzyme  markers  for 
the  characterization  of  subcellular  entities  (13, 
14). Some of these enzymes were bound to mem- 
branes, others were in soluble form either in the 
cytoplasm or inside the organelles. Later, enzymes 
were  discovered  to  be  associated  with  several 
subcellular compartments,  so  that  some  excep- 
tions to this concept were introduced, but in fact 
most  of the  bound  enzymes  were  found  to  be 
associated with  only one  subcellular membrane 
(15, 16, 2). 
Cytochrome b5 is in fact one of these exceptions 
since  it is associated with  both the  endoplasmic 
reticulum (ER)  ~ (64, 2) and the outer mitochon- 
drial membrane  (62).  Its presence in the peroxi- 
somal  membrane  was  also  proposed  but  it  is 
absent from the Golgi, lysosomal, inner mitochon- 
drial, and plasma membranes (17, 23). 
Cytochrome bs is a very much-studied, amphi- 
pathic, integral protein (61). It contains only one 
peptide chain but is organized, on a spatial level, 
into two distinct parts: a hydrophilic part contain- 
1Abbreviations  used  in  this  paper:  anti-F(ab)/ferritin, 
goat anti-rabbit F(ab) antibody conjugated with ferritin; 
D-cytochrome b~, cytochrome b5 purified  after extrac- 
tion  from  rat  liver  microsomes  by  detergents;  ER, 
endoplasmic reticulum; PBS, phosphate-buffered  saline, 
0.01 M Na phosphate, pH 7.4, in 0.15  M NaCI; RSA, 
relative  specific  activity;  p,  density  in  g/ml;  T-cyto- 
chrome bs, cytochrome b5 purified rat liver microsomes 
after digestion by trypsin. 
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the membrane, and a hydrophobic part embedded 
in  the  lipid bilayer (63).  The  hydrophilic  part  of 
the  cytochrome  (T-cytochrome  bs)  can  be  easily 
purified  after  digestion  of  the  microsomes  by 
trypsin  (46,  66);  on  the  other  hand,  the  entire 
molecule  (D-cytochrome bs) can also  be  purified 
after extraction with detergents (63). 
D-cytochrome  b 5 can  be  incorporated  in  vitro 
into  the  ER  and  into  the  outer  mitochondrial 
membranes  (65).  Its  binding  to  the  inner  mito- 
chondrial membrane has also been suggested (65). 
The exogenous hemoprotein behaves in the same 
way  as  the  endogenous  cytochrome  and  is  fully 
active.  The  binding  to  the  membrane  is  due  to 
the interaction between the membrane lipids and 
the  hydrophobic segment of the  protein  (19,  54, 
65).  The hemoprotein can also be set in artificial 
membranes (18, 27, 50, 56, 67). 
In this paper,  we  question  the  reasons  for the 
maintenance of cytochrome b~ on specific subcel- 
lular membranes.  The  absence  of cytochrome b5 
from  some  membranes  could  be  the  result  of 
certain  characteristics which  prevent  the  protein 
from  being  inserted  into  the  membrane,  or  it 
could  be  related  to  more  complex  phenomena 
connected, for example, to the biogenesis of cyto- 
chrome  b5  and  to  the  movements  of  membrane 
proteins between intracellular compartments. 
Our approach to the problem was to investigate 
the binding of D-cytochrome b~ to  different sub- 
cellular  membranes  and  to  compare  the  normal 
localization of the  protein with its in  vitro incor- 
poration. In a preceding work, we investigated the 
binding of cytochrome bs to the plasmalemma and 
have shown that binding occurred in vitro on the 
cytoplasmic  face  of the  membrane  (53).  In  this 
work, the results clearly show that, except for the 
lysosomes,  D-cytochrome bs binds in vitro to the 
membranes of all the subcellular organelles. 
MATERIALS  AND  METHODS 
Preparation of Subcellular 
Membrane Fractions 
Using methods already published, we prepared micro- 
somes (1), outer mitochondrial membranes (23), Golgi 
apparatus (71),  and lysosomes (69).  Lysosomal mem- 
branes were obtained by diluting the lysosomes 10 times 
with HzO and by washing them in 0.5 M NaC1 to remove 
adsorbed enzymes. Peroxisomes were purified following 
the method described by Leighton et al. (33) but with a 
few modifications: the h  fraction was washed twice by 
centrifugation at 25,000 rpm in rotor n~  (Ultracentri- 
fuge model L2-65, Beckman Instruments, Inc., Spinco 
Div., Palo Alto, Calif.) and with a  time integral of the 
squared angular velocity (W =  (~  to  2 dt) of 1.7  x  109 
rad  2 s  -1 . The fluffy layer was removed with the supernate 
to reduce contamination of the fraction by microsomal 
vesicles.  The  pellet,  obtained  from  4  g  of  liver,  was 
resuspended  in  0.5  ml  of  a  41.2%  (wt/wt)  sucrose 
solution 6o =  1.19) and the suspension was layered on 
4.5  ml  of  sucrose  gradient  whose  density  increased 
uniformly from  1.19 to  1.27.  The gradient was centri- 
fuged at 39,000 rpm for 2 h (W =  118 ￿  109 rad  2 s  -~) in 
an  SW65  rotor.  The  material  that  equilibrated  at  a 
density higher than 1.235 was the peroxisomal prepara- 
tion. 
The  inner mitochondrial membranes were  prepared 
by the method of Colbeau et al. (12) with slight modifi- 
cations: a  mitochondrial (M) fraction was prepared by 
the fractionation procedure of de Duve et al. (14). The 
mitochondria  were  slowly  resuspended  in  a  20  mM 
phosphate buffer, pH  7.5,  solution containing 0.2 mg/ 
ml bovine serum albumin. The suspension was homoge- 
nized  by  25  strokes  of  the  tight  pestle  in  a  Dounce 
homogenizer (Kontes Co.,  Vineland, N. J.)  and, after 
10 min, centrifuged at 55,000 rpm for 20 min in rotor 
n~  (W  =  33.5  ￿  109 rad  2 s-l).  The pellet was  also 
homogenized,  centrifuged as  described  above,  and  fi- 
nally resuspended by 25 strokes of the homogenizer in a 
small volume of phosphate buffer.  1.5 ml of the mem- 
brane  suspension  was  layered  on  a  sucrose  gradient 
containing 0.5 ml of 52.2% (wt/wt) sucrose 6O =  1.25), 
1.1  ml of 48.6%  (wt/wt) sucrose 60  =  1.22),  1 ml of 
39.3% (wt/wt) sucrose 6O =  1.18), 0.5 ml of 16.6% (wt/ 
wt) sucrose (p =  1.07). Equilibration was obtained after 
centrifugation in an SW 65 rotor for 2 h at 39,000 rpm 
(W  =  118  x  109 rad  2 s-~).  The material at the  1.22- 
1.25 interface of density was used as the inner mitochon- 
drial membrane preparation. 
Biochemical and Immunological  Assays 
Cytochrome b5 measurements were carried out on a 
Unicam SP 1800 spectrophotometer (Pye, Unicam Ltd, 
Cambridge, England) using the differential spectrum of 
the oxidized and reduced form. The hemoprotein was 
converted from the oxidized to the reduced form, either 
by  the  endogenous  cytochrome  b 5  reductase  in  the 
presence of 63 /.tM NADH, or by addition of Na2S~O4. 
A At424-4o9  nm of 160 cm  -1 mM  -1 was used to express the 
results in millimoles. A molecular weight of 12,900 was 
also considered for the T-cytochrome b5 (30). Enzymic 
and other chemical constituents of subcellular fractions 
were assayed as presented in detail by Beaufay et al. (4). 
The activity of the anti-cytochrome b5 antibodies was 
estimated  by  their  capacity  to  bind T-cytochrome  b~ 
(23).  1 U  of anti-cytochrome b~ activity was expressed 
as the amount of antibody needed to bind 1 /~g of T- 
cytochrome b 2. 
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T- and D-cytochrome b5 preparations were  purified 
by methods already described (46, 63). T-cytochrome b 5 
was used to produce rabbit anti-cytochrome b5 antibod- 
ies. The antibodies were purified by affinity chromatog- 
raphy using Sepharose 4B  as the matrix. The purified 
preparation showed an activity of 44 /xg cytochrome b5 
bound per mg protein and resulted from a 200-fold purifi- 
cation compared to the  antiserum.  The purities of the 
antigen and the  antibody preparations were previously 
established (23).  The  antibodies reacted with both T- 
and D-cytochrome b5 if judged by the identity reaction 
of the two antigens in a double immunodiffusion test. 
F(ab)  fragments were  obtained  by  papain  digestion 
(5t) with a  yield of 94%;  this was  established by gel 
chromatography on  Sephadex G100.  Anti-cytochrome 
b 5 F(ab) were no longer able to precipitate T-cytochrome 
b 5 in an immunodiffusion test. Depending on the differ- 
ent experiments, 45-55% of the anti-cytochrome activity 
was lost during papain digestion. 
The  anti-F(ab)/ferritin conjugates were  prepared by 
reacting ferritin and affinity purified IgG goat anti-rabbit 
F(ab) with glutaraldehyde (3). After the coupling, free 
IgG, ferritin aggregates, and the largest part of the free 
ferritin were separated from the IgG/ferritin conjugates 
by chromatography on Biogel A5m  (Bio-Rad Labora- 
tories, Richmond, Calif.) (42). 
Materials 
Ferritin, crystallized six times, came from Fluka, A. 
G. Buchs, Switzerland. Chemicals were purchased from 
Merck A. G., Darmstadt, W. Germany. Sephadex ((3- 
25, G-75) and Sepharose 4B were obtained from Phar- 
macia, Uppsala, Sweden. 
Cytochrome bs Incorporation 
Specific centrifugation and incubation conditions were 
used for the different membrane preparations. They are 
summarized  in  Table  I.  The  general  protocol  of  the 
experiment was  as  follows:  the  preparations (1  mg of 
protein) were incubated for 30 rain at 370C in 0.5 ml of 
medium which contained 23 nmol (30 for microsomes 
and outer mitochondrial membranes) of D-cytochrome 
bs;  T-cytochrome  b5  was  used  in  the  controls.  The 
membranes were spun down and washed twice with 10 
ml of medium. Cytochrome b5 assays were carried out 
on half the washed preparations; the rest of the mem- 
branes were saved and used for antibody labeling, i.e., 
they  were  first  incubated for  1  h  at  4~  in  1  ml  of 
medium containing 20 mg of bovine serum albumin with 
anti-cytochrome b5 F(ab) which had a  binding activity 
two  times greater than  the  amount of cytochrome b~ 
present. For the control experiments, normal F(ab) was 
used in place  of anti-cytochrome b 5 F(ab). The  mem- 
branes were washed twice and collected by centrifuga- 
tion. They were then treated to react with the anti-F(ab)/ 
ferritin conjugate. The amount of conjugate introduced 
TABLE  I 
Conditions Used for Cytochrome b5 Binding Exper- 
iments on the Subcellular Fractions 
Centrifuga-  Condi- 
Sub~llular preparation  Medium  tion  tions 
rprtl  m/n 
Microsomes  PBS  39,000  30 
Outer  mitochon-  PBS  39,000  30 
drial  mem- 
branes 
Peroxisomes  S-I  13,000  15 
Lysomes  S-I  39,000  15 
Lysosomal  mem-  0.5 M NaC1  39,000  15 
branes 
Inner  mitochon-  S-I  15,000  15 
drial  mem- 
branes 
Golgi I  Mort6 medium  -  - 
Golgi II  PBS  39,000  15 
Medium was used for incubation and washing. Centrifu- 
gations were  performed in rotor n~  In  the  Golgi I 
experiment, cytochrome b5 was allowed to react for 15 h 
at 4~  with the membranes. After reaction, the prepa- 
ration was brought to a density of 1.16 with sucrose. The 
membranes were washed by flotation through a  19.4% 
(wt/wt) sucrose solution (p  =  1.13) in an SW 65 rotor. 
(Centrifugation at 45,000  rpm for 45  min.) The same 
washing procedure was used after the ferritin labeling, 
except that the preparation was brought to a density of 
1.24 (% wt/wt sucrose solution) and washed by flotation 
through a 45% (wt/wt) sucrose solution (p =  1.21). All 
the  solutions contained the  Morr6  medium:  37.5  mM 
Tris-maleate,  pH  6.5,  5  mM MgCI2,  and  1%  dextran 
T500.  These  peculiar  experimental  conditions  were 
found necessary to preserve the characteristic structure 
of  the  Golgi  apparatus.  In  the  Golgi  II  experiment, 
membranes were prewashed with PBS in order to disso- 
ciate the Golgi elements. 
S-I, 0.25 M sucrose in 3 mM imidazole HCI, pH 7.4. 
corresponded to two ferritin molecules per cytochrome 
b 5 present in the preparation. Incubation was carried out 
for 15 min at 4~  in 0.5 ml of medium containing 40 mg 
of bovine serum  albumin. The membranes were  sedi- 
mented  by  centrifugation at  25,000  rpm  for  15  min, 
washed three times, resuspended in 0.5 ml of medium, 
fixed with 1,5%  (wt/vol) glntaraldehyde, then collected 
on Millipore filters (Millipore Corp.,  Bedford,  Mass.) 
before embedding in Epon (70). 
RESULTS 
Analysis of the Immunochemical Material 
Anti-cytochrome bs antibodies inhibited the mi- 
crosomal  NADH  cytochrome  c  reductase.  IgG 
antibodies and F(ab) fragments gave similar inhi- 
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obtained by papain digestion (92%  yield) of the 
IgG tested  in the  same  experiment. In the  anti- 
body:antigen ratio  (2:1)  used  for  the  immuno- 
chemical  labeling  of  subcellular  fractions,  the 
F(ab) fragments produced a 55 %  inhibition of the 
NADH  cytochrome c  reductase  activity.  As the 
maximum inhibition was  90%,  we  estimate  that 
lOO 
ANTI-CYTOCHROME  b  5 ACTWITY 
RATIO 
CYTOCHROME  b  5 
/,  8  10 
0.2  0/.  0.6 
ANTI-CYTOCHROME  b  5 ACTIVITY (UNITSI 
FIGURE 1  Inhibition of NADH cytochrome  c  reduc- 
tase by anti-cytochrome b5 antibodies. Microsomes  (7.6 
/~g  of protein  and  0.05  p.g  of cytochrome  bs)  were 
incubated for 1 h at 0~  in 0.5 ml PBS containing 2.5 
mg/ml bovine serum albumin with increasing amounts of 
anti-cytochrome b5  IgG  (I)  and F(ab) fragment  (0) 
obtained by papain digestion. The NADH cytochrome c 
reductase  activity was  then tested. The normal serum 
and the PBS-albumin solution did not show any activa- 
tion or inhibition of the enzyme activity and were  used 
as controls. 
61%  of the cytochrome b 5 reacted with the anti- 
cytochrome bs F(ab). 
The  binding  of  the  anti-F(ab)/ferritin  conju- 
gates to F(ab) fragments was analyzed after cen- 
trifugation in a  density gradient (Fig.  2).  In the 
control, we  found that  the  conjugates had  sedi- 
mented to the lower part of the gradient (Fig. 2a) 
while  the  F(ab)  fragments  remained  at  the  top 
(Fig.  2b).  After  reaction  with  the  anti-F(ab) 
antibodies, part of the  [aH]F(ab) fragments were 
recovered in the heavy fractions (below 2.65 ml). 
Concerning the latter, the molar ratio of the F(ab) 
fragments  to  the  ferritin  molecules  was  0.51. 
Similar results have already been published on the 
reactivity of anti-IgG/ferritin conjugates (39). On 
the  other  hand,  small precipitates  were  formed 
when increasing amounts of F(ab) fragments were 
incubated with anti-F(ab)/ferritin (Fig. 3).  Maxi- 
mum precipitation was  obtained when  16  /zg of 
F(ab)  fragments  were  added  to  420  p~g of anti- 
F(ab)/ferritin conjugates, this being a molar ratio 
of one  F(ab)  for  two  ferritin molecules.  At  the 
equivalence,  the  precipitate  contains one  F(ab) 
molecule for 0.57 ferritin. Moreover, in excess of 
antibody, Fig.  3  shows that the  amount of F(ab) 
recovered  in the  precipitate  was  proportional to 
the  F(ab)  added,  but  with  a  low  yield  (33%). 
Obviously, only part of the antibody/ferritin pre- 
cipitated the F(ab) fragments. 
Both analyses of the immunochemical material 
indicate  that  in  toto  the  number of  F(ab)  frag- 
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FIGURE 2  Distribution pattern of three preparations analyzed after centrifugation in density gradients. 
Three samples containing (a) 1.7 mg of anti-F(ab) lgG labeled with ferritin, (b) 0.7 mg of F(ab) labeled 
with Jar]acetic anhydride (31), and (c) the mixture of the two former preparations were incubated for 1 
h at 4~  in 0.6 ml of PBS solution and loaded on 4.5 ml of 10-60% (wt/wt)  sucrose density gradients. 
Centrifugation was performed at 60,000 rpm for 150 min (w = 35 x  101~  rad  ~ s  -1) in an SW 65 rotor. The 
pellets at the bottom of the tubes were resuspended in 0.5 ml of PBS  (hatched blocks).  The colored 
complex formed between the iron and the aa'-dipyridyl was used to assay for the iron. The average  iron 
content of the ferritin was 0.12 mg per mg protein. The aH-acetylated  F(ab) was measured on an Isocap/ 
300  (Searl  Analytic, Inc. Des  Plaines, Ill.) scintillating  counter. The specific  radioactivity  of the 3H- 
acetylated  F(ab) was 216,000 cpm per mg protein. The material recovered in the gradient accounts for 
90-100% of the initial preparation. Protein (  ), iron (...), aH (---). 
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cules  of the  conjugate.  Purification  of the  IgG/ 
ferritin conjugates by column chromatography on 
6  SC 
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FIGURE  3 
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Immunoprecipitation  curves  between  anti- 
F(ab)/ferritin  conjugates  and  F(ab)  fragments.  Anti- 
F(ab)/ferritin conjugates (0.42  mg) were  incubated in 
0.3 ml of PBS solution with increasing amounts of F(ab) 
labeled  with  [all]acetic  anhydride.  The  antigen  and 
antibody preparations were the same as in Fig. 2. After 
incubation for  1 h  at 37~  and for 2  days at 4~  the 
precipitates were washed twice with 10 ml of PBS and 
sedimented by centrifugation at 2,000 rpm for 20 min in 
the PR-J Centrifuge (International Equipment Co., Bos- 
ton, Mass.). The pellets were dissolved in 2.5 ml of 0.1 
N NaOH. The solutions were neutralized for radioactiv- 
ity counting. Assays for iron, protein, and radioactivity 
countings were conducted as in Fig.  2. Controls, using 
anti-F(ab)/ferritin conjugates alone or  [aH]F(ab), were 
very low and were subtracted from the test. Protein (e), 
iron (i), aH (m). 
Biogel A5m separates the conjugates, completely, 
from free IgG and multi-ferritin  aggregates and, 
partially, from free ferritin (42). In conclusion, it 
is best to interpret the former results as indicating 
that  a  large  part  (at  least  50%)  of the  ferritin 
molecules do not fix  any of the F(ab)  fragments 
either because they are free molecules or because 
of the nonreactivity of the anti-F(ab)  conjugate; 
on the other hand, some of the reactive antibody/ 
ferritin conjugates contain several anti-F(ab) sites 
and can be detected in the precipitation curve. 
Biochemical Data 
Table  II summarizes  some of the  biochemical 
properties  of the  subcellular  preparations.  The 
absolute  values  of the  enzyme activities  for the 
homogenate agree with the data already published 
(1)  and  are  not  shown.  The  composition of the 
microsomal  fraction  is  very  similar  to  the  one 
described by Amar-Costesec et al.  (1): the main 
components  were  the  ER-derived  vesicles 
(-80%); plasma membrane, Golgi elements, and 
mitochondria were  also  present;  they  could  ac- 
count,  respectively,  for  10,  5,  and  5%  of the 
proteins. (See Leighton et al. [33] for the calcula- 
tion procedure). 
As shown by the relative specific activity (RSA) 
of the  monoamine oxidase,  the  outer mitochon- 
drial membranes were purified 33 times compared 
to the  homogenate.  The  activity  of the  NADH 
cytochrome c  reductase,  which is also present  in 
TABLE  II 
Biochemical Properties of the Purified Membrane Preparations 
Outer mitochon-  Inner mitoehon- 
Mieroanmes  drial membranes  Peroxisomes  drial membranes  Lysosomes  Golgi 
Subcelhilar preparations con- 
stituent*  % of H:~  RSA  %  of H  RSA  %  of H  RSA  %  of H  RSA  % of H  RSA  %  of H  RSA 
Protein  10.75  1.00  0.050  1.00  0.074  1.00  7.24  1.00  0.48  1.00  0.35  1.00 
NADH cytochrome c  re,  due-  32.22  3.00  0.444  8.88  0.051  0.69  3.14  0.43  0.01  0.02  0.39  1.11 
tase 
NADPH cytochrome c reduc-  39.43  3.67  0.019  0.38  0.006  0.08  0.07  0.01  .... 
tasr 
Glucose 6-phosphatase  -  -  0.003  0.06  0,004  0.05  -  -  0.24w  0.50  0.28  0,80 
Cytochromr oxidase  2.55  0.24  0.0007  0.01  0.004  0.05  14.54  2.01  0.01  0.02  0.02  0.06 
Malate dehydrogenasr  0.83  0.08  -  -  -  15.91  2.20  .... 
Monoamine oxidasr  12.23  1.14  1.650  33.00  0.042  0.57  3.22  0,44  0.11  0.23  -  - 
Acid phosphatase  ....  0.003  0.04  --  -  17.30  36.04  2.66  7.60 
Alkaline phosphodiesterase  40.04  3.72  0.0055  0.11  -  -  0.22  0.03  -  -  0.44  1.26 
Galact  osyltransferase  55.10  5.13  N.D.II  N.D.  -  -  -  -  1.04  2.17  22.50  64.29 
Catalasr  -  -  -  2.581  34.07  17.43  2.41  0.14  0.29  -  - 
Urate oxidasc  ....  2.338  31.60  ...... 
" Recoveries of  fractions  compared  to the  homogenate  ranged  between  85  and  110% except for  the  cytochrome  oxidasr  in  the  inner mitochondrial 
membrane preparation which was 75%. 
$ Percent of homogenate. 
w Glucose 6-phosphatase activity which is inactivated by incubations at 37"C for 30 rnin at pH 5. 
I[ Not detected. 
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taminants  were  the  ER-derived  vesicles  which 
could represent -5 %  of the proteins. 
In the peroxisomal preparation, we tried to mini- 
mize contamination by the ER-derived vesicles as 
much as possible.  Data  showed that  these  mem- 
branes  account  for only  1.3%  of the  membrane 
proteins.  Very  few  mitochondria  were  present 
and,  with  respect  to  the  protein  content,  they 
represented only 1% of the material; however, as 
a  consequence  of our  drastic  purification  condi- 
tions,  the  amount  of peroxisomes was  very low. 
The  NADH  cytochrome  c  reductase  showed  a 
much higher RSA than the glucose 6-phosphatase 
and  the  NADPH  cytochrome  c  reductase.  This 
high  NADH  cytochrome  c  reductase  activity  in 
the  density  of  peroxisome  equilibration  can  be 
interpreted  by  the  presence  of  the  enzyme  in 
peroxisomal membranes. We must, however, con- 
sider  the  presence  of contaminating  outer  mito- 
chondrial  membranes  which  also  contain  the 
NADH  cytochrome c  reductase  and  account  for 
~20%  of the activity of the preparation. 
The inner mitoehondrial membrane preparation 
contained  mainly  mitochondrial  enzymes;  how- 
ever, we underestimated  the cytochrome oxidase 
values  in  the  mitochondrial  preparation.  Special 
treatment  at high-speed centrifugation and in the 
presence  of  phosphate  was  responsible  for  its 
inactivation:  compared  to  the  homogenate,  only 
75%  of the enzyme activity was recovered in the 
different  fractions;  this  underestimation  mostly 
affected  the  purified  preparation  in  which  the 
inactivation was probably  >50%.  As the soluble 
fraction  did  not  contain  any  mitochondria  (no 
cytochrome oxidase activity) but still showed 5 3 % 
of  the  malate  dehydrogenase  activity,  we  could 
estimate an RSA of 4.6 for the bound mitochon- 
drial  enzyme.  The  RSA  of 0.44  for  the  mono- 
amine  oxidase  indicates  that  90%  of  the  outer 
membrane  was  released  from  the  mitochondria. 
A  few  peroxisomes  were  present  (-7%  of  the 
protein)  but  almost  no  ER-derived  vesicles 
-0.2%). 
The  lysosomal preparation  was very pure  with 
only slight contamination  by some ER and Golgi 
elements  (around  5  and  2%).  Cytochrome  b5 
could not be detected in the preparation. 
Compared to the homogenate, the Golgi appa- 
ratus was purified 64 times; however, ER-derived 
vesicles still accounted  for -19%  of the protein, 
and plasma membranes for 3.8%. 
Binding of Cytochrome b5 
to the Membranes 
For the amounts of cytochrome b5 bound to the 
membranes,  see Tables III and  IV. The  nonspe- 
cific adsorption  of T-cytochrome b5 in the differ- 
ent  preparations  is very low. The  values for the 
incorporation  of D-cytochrome  b5  in  the  micro- 
somes  are  similar  to  those  of Strittmatter  et  al. 
(65);  they  are  very  high  when  expressed  with 
respect to the phospholipid  content.  Outer  mito- 
TABLE  III 
Amount of Cytochrome b5 Incorporated in the Preparations 
Hemoprotein  in the preparations 
NADH reduced  Na2S204  reduced 
Cytochrome  b~ incorporated  (T-C) 
Initial cyto-  NADH re- 
chrome b5  Control  Test  Control  Test  NADH  Na~StO4  re-  Na2S~OcNADH  duccd  % 
Preparations  content  (C)  (T)  (C)  (T)  reduced  duced  reduced  total 
Microsomes  0.46  0.51  9.31  0.65  10.75  8.80  10.10  1.30  87 
Outer  mitochondrial  0.47  0.63  9.03  0.86  9.53  8.40  8.67  0.27  97 
membrane 
Peroxisomes  0.01  0.03  1.97  0.19  2.43  1.94  2.24  0.30  87 
Inner  mitochondrial  0.04  0.04  0.44  0.30  2.52  0.40  2.22  1.82  18 
membrane and matrix 
Lysosomes  N.D.*  0.03  0.03  0.05  1.18  0  1.13  1.13  - 
Lysosomal membrane  N.D.  N.D.  0.04  0.10  1.46  0.04  1.36  1.32  3 
Golgi I  0.10  0.17  1.16  0.14  2.01  0.99  1.87  0.88  53 
Golgi II  0.10  0.16  2.22  0.23  5.63  2.06  5.40  3.34  38 
Values are expressed in nanomoles of cytocbrome b5 (or equivalent) bound per milligram protein. The preparations 
were incubated with T-cytochrome b5 in the control (C) and with D-cytochrome b5 in the test (T). 
* Not detected. 
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Amount of Incorporated Cytochrome b5 Compared 
to the Phospholipids 
Incorporated  eytochrome 
b~ reducible by 
Phospholipid 
Preparations  composition NADH  Na~S~O4 
ptnol Piling 
protein 
Microsomes  0.45  19.56  22.44 
Outer  mitochondrial  0.79  10.63  11.01 
membrane 
Peroxisomes  0.12  16.67  18.33 
Inner  mitochondrial  0.14  2.86  15.86 
membrane 
Lysosomes  0.27  0  4.21 
Lysosomal membrane  0.65  0.06  2.10 
Golgi I  0.45  2.20  4.20 
Golgi II  0.52  3.94  10.33 
The values for cytochrome b5 are expressed in millimoles 
of D-cytochrome b5 bound per mole of phosphate from 
phospholipids. 
chondrial membranes  fixed large amounts of cy- 
tochrome per mg protein; nearly all the hemopro- 
tein  (97%)  could  be  reduced  by  the  NADH 
cytochrome  b5  reductase.  The  amount  of cyto- 
chrome b 5 incorporated by the peroxisomal prep- 
aration is low when expressed per milligram pro- 
tein  but  it  is  very  high  when  compared  to  the 
phospholipid content.  In  addition,  97%  of the 
bound  hemoprotein could be reduced by an en- 
dogenous  reductase.  Inner  mitochondriai  mem- 
branes fixed some cytochrome bs, but only a small 
part was reducible when NADH was present. Low 
amounts  of  cytochrome  were  detected  in  the 
lysosomal  preparation  but  were  not  in  contact 
with  the  reductase.  The  incorporation  of  cyto- 
chrome  b5  into  Golgi membranes  was  achieved 
under two different conditions (Table I). To main- 
tain  the  Golgi  structure,  the  incubation  of the 
Golgi I preparation was carried out at 4~  for one 
night in the Morr6 medium. On  the other hand, 
the  Golgi II experiment was conducted  at  37~ 
for 30 rain on dissociated Golgi elements. Much 
more cytochrome was bound in the latter experi- 
ment,  38%  of which was reduced by the  reduc- 
tase. All the binding experiments were performed 
at least twice and gave reproducible results except 
when lysosomes were concerned. 
Several controls were carried out on the fixation 
conditions of cytochrome b5  in  the  membranes. 
Firstly, we  performed saturation curves  of cyto- 
chrome binding on  Golgi and microsomal mem- 
branes and showed that  saturation was obtained 
in the experimental conditions used in this paper. 
Secondly, we tested the possibility of cytochrome 
b5  destruction  by  lysosomal  cathepsin  because 
lysosomal  extract  is  known  to  hydrolyse  cyto- 
chrome b5  from  ER  membranes  (68).  Total ca- 
thepsin activity of the lysosomal membrane prepa- 
ration  was measured at different pH but  no  ca- 
thepsin activity could be detected above pH 6.5. 
D-cytochrome b5 was then incubated with a lysoso- 
mal preparation at different pH, and, after elimi- 
nation of the membranes, we tested the ability of 
cytochrome  to  be  incorporated  into  the  micro- 
somal membranes. The results are shown in Fig. 
4.  Cytochrome b5  is destroyed below pH  7,  ex- 
actly  when  the  cathepsin  activity  begins  to  be 
detectable.  The  experiment  was  repeated  at  0 ~ 
and 37~  with lysosomal membranes and with a 
soluble  lysosomal extract.  If the  pH  was  main- 
tained at 7.5, no alteration of cytochrome b~ can 
be  detected.  The  possible  effect  of Triton  WR 
1339 on the lysosomal membrane was also tested: 
microsomes were preincubated for 30 min at 37~ 
with  different  concentrations  of Triton  (8,  0.8, 
and 0.08%);  after washing, they were incubated 
with cytochrome b5 as described in Materials and 
Methods.  Triton  made  no  effect  on  the  cyto- 
chrome  b5  binding  in  the  treated  microsomes. 
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FIrURE  4  Effect of pH  on cathepsin activity  and  on 
destruction  of cytochrome b5  by  lysosomal  enzymes. 
Total cathepsin activity (0) was measured on the washed 
lysosomal  membranes  using  Gianetto  and  de  Duve's 
method  (24).  With  1.7  mg  of  lysosomal  membrane 
protein (0.17 U of cathepsin activity tested at pH 2.75), 
0.5  mg of cytochrome b s was incubated for 30  rain  at 
37~  in 0.6 ml of a 50 mM phosphate buffer at different 
pH. After incubation, the pH was adjusted to 7.5  and 
the solution was centrifuged at 39,000 rpm for 30 min in 
rotor n~  0.4 ml of the supernate was removed and 
incubated at 37~  for 30  min with 0.33  mg of micro- 
somes. The amount of cytochrome b5 incorporated into 
these membranes was measured as described in Materi- 
als and Methods (A). 
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medium on the binding. The incorporation of D- 
cytochrome b5  into  microsomes was  identical if 
the  incubation  occurred  in  phosphate-buffered 
saline (PBS),  0.25  M  sucrose, or 0.5  NaC1  me- 
dium. Strittmatter et al. (65) have already shown 
that, with an excess of cytochrome bs, the binding 
was not dependent  on  the  ionic strength of the 
buffer  but  on  the  temperature  and  incubation 
time. 
Morphological Observation 
From the four samples obtained in the labeling 
experiment of each subcellular fraction, only three 
are  shown  in  the  figures;  indeed,  both  controls 
using  normal  F(ab) on  membranes  treated with 
either T- or D-cytochrome b5 were identical, and 
therefore only the latter is presented. 
The  appearance  of  the  microsomal  fraction, 
after immunological labeling, is shown in Fig. 5. 
The difference between the control (Fig. 5 a) and 
the  test (Fig. 5 b) is clear. On  the  average, the 
number of ferritin molecules per profile is 2.2 for 
the  control  and  6.5  for  the  test.  On  the  other 
hand, the ferritin labeling after extra bound cyto- 
chrome b5 (Fig. 5 c) is much heavier; the average 
ferritin number  per profile is  about  20.  In  one 
experiment, the labeling microsomes was realized 
as described in Materials and Methods, using an 
excess of D-cytochrome bs,  a  ten-fold excess of 
F(ab) anti-cytochrome bs, and a fivefold excess of 
anti-F(ab)/ferritin  conjugate.  The  micrographs 
showed an average of 30 ferritin grains per profile 
in the test and six in the control. 
It is evident by the ferritin labeling in Fig. 6 b 
that the outer mitochondrial membranes contain 
endogenous cytochrome bs. Even after the incor- 
poration of the hemoprotein (Fig. 6 c), the label- 
ing is still much  heavier, and  some  parts of the 
membranes must be close to saturation. Very few 
invaginations  are  labeled,  probably  because  of 
some steric hindrances, but it is interesting to note 
that nonvesicular membranes are labeled on both 
sides. This  indicates that  cytochrome b5  can  be 
incorporated in vitro on both faces of the mem- 
brane whereas its natural location is only on the 
outer face (32). 
The  control  of  the  peroxisomal  preparation 
(Fig. 7 a) contains almost no ferritin. This is not 
so in the case of the endogenous cytochrome b5 
labeling (Fig. 7 b); indeed, several ferritin mole- 
cules  are  attached  on  well-defined  peroxisomal 
membranes. This strengthens the observations of 
Fowler et  al.  (23)  who  used  hybrid  antibodies. 
After D-cytochrome b5 incorporation (Fig. 8), the 
labeling is then very heavy and the ferritin is nicely 
distributed around all the vesicles. 
Fig. 9 b presents the labeling of the endogenous 
cytochrome b5  of the  inner mitochondrial mem- 
brane  preparation; only some  small vesicles are 
labeled  with  ferritin.  These  are  most  probably 
outer mitochondrial membrane  fragments which 
are present in this preparation and which contain 
the hemoprotein. Some of these vesicles are loose 
in the solution but a few others are attached to the 
inner  membrane.  Because  endogenous  cyto- 
chrome b5 is fixed on the outer face of the outer 
membrane (32), these vesicles are right side out. 
We must assume that they first separated from the 
inner membrane,  closed, and  that  then  some of 
them became  reattached.  However,  most of the 
vesicles  fixed  on  the  inner  membrane  are  not 
labeled  and  could  be  considered  as  inside-out 
vesicles still attached by some contact sites on the 
inner membrane (25). When the membranes are 
incubated with D-cytochrome b.~ and treated with 
the  immunochemical  reagent  (Fig.  10),  all  the 
well-recognized inner  mitochondrial  membranes 
are labeled with ferritin. 
The  labeling of the  lysosomal membranes  for 
endogenous cytochrome b~ (Fig. 11 b) is very low 
and  is no  more  pronounced  than  in  the  control 
(Fig. I 1 a). A  few, small, heavily labeled vesicles 
could  be  attributed  to  the  ER-derived  mem- 
branes.  After cytochrome b5  incorporation (Fig. 
11  c),  most  of the  ferritin  appears  on  formless 
material usually with a  low electron density. We 
consider  that  this  material  is  derived  from  the 
lysosomes themselves. In fact, injection of the rats 
with Triton WR 1339, before the lysosome prep- 
aration, activates the autophagic process (49), and 
therefore this amorphous material could represent 
the  autophagic  residues.  The  large  lysosomal 
membranes  themselves  carry  very  little  or  no 
ferritin and can be considered as not labeled. The 
experiment  was  repeated  once  under  the  same 
conditions and then again with solution buffered 
at pH 8. The ferritin pattern was identical. 
As already shown  (23), when the Golgi appa- 
ratus is treated for the labeling of the endogenous 
cytochrome  b~,  ferritin  molecules  are  attached 
only to some vesicles and not to the characteristic 
Golgi elements (Fig. 12 b). However, after the in 
vitro incorporation of the hemoprotein, almost all 
the  small vesicles are heavily labeled, and some 
parts of the distinctive Golgi elements carry ferri- 
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tion with (a) D-cytochrome b5 and normal F(ab), (b) T-cytochrome b5 and F(ab) anti-cytochrome  bs, (c) 
D-cytochrome b5 and F(ab) anti-cytochrome bs. See Materials and Methods for the experimental data. 
Note  (a)  the low  ferritin density in the  control; (b) much higher for the labeling of the endogenous 
cytochrome; (c) very heavy for the in vitro bound cytochrome. A few large profiles with very little or no 
ferritin grains (O). The rectangle indicates a microsome  vesicle enlarged in the inset  (￿  80,000) to show 
nonhomogeneous distribution of the ferritin. Bar, 0.5/.tm. x  50,000. FI6URE 6  Cytochrome b~  labeling  of an outer mitochondrial membrane  preparation  with F(ab)  anti- 
cytochrome b5 and anti-F(ab)/ferritin conjugate. Membranes were first  incubated with T-cytochrome b5 
(b) or D-cytochrome b~ (c). The control (a) was performed on membranes incubated with D-cytochrome 
b5 but using normal F(ab) instead of the anti-cytochrome b5 F(ab). Nonlabeled membrane invaginations 
(O).  Membrane  dearly labeled on  both  sizes  (double  arrows),  The  rectangle  indicates  a  part  of two 
vesicles enlarged in the inset  (80,000) to show nonhomogeneous distribution of the ferritin. Bar, 0.5/zm. 
￿  50,000. FIGURE 7  Peroxisomal  preparation  labeled  for  cytochrome  b5  by  anti-F(ab)/ferritin conjugate  (a) 
control obtained after incubation with D-cytochrome b5 and normal F(ab); (b) endogenous cytochrome b5 
revealed after incubation with T-cytochrome b5 and F(ab) anti-cytochrome bs. The number of ferritin 
points attached to the membranes of well-recognized peroxisomes  is significantly higher than in the control 
(arrows).  Bar, 0.5/zm. x  50,000. FIGURE 8  Peroxisomes labeled with anti-F(ab)/ferritin conjugate after incubation with D-cytochrome b5 
and F(ab) anti-cytochrome bs. All the membranes are heavily labeled. PN, peroxisomes recognized by the 
nucleoid. PL, peroxisomes with the characteristic looplike projection described by Novikoff and  Shin 
(45). MP, particles which could correspond to the microperoxisomes described by Novikoff and Novikoff 
(43). Bar, 0.5 /zm.  ￿  50,000. FmVRE  9  Inner mitochondrial membranes labeled for cytochrome bs by anti-F(ab)/ferritin conjugate 
after incubation (a) with D-cytochrome bs and normal F(ab) and (b) with T-cytochrome b5 and F(ab) 
anti-cytochrome b~. Some rare ferritin molecules in the control (arrows). In the test, small labeled vesicles 
free or attached to the inner mitochondrial membranes (arrows); others without ferritin (O). The inner 
membrane itself is devoid of ferritin. Bar, 0.5/xm.  ￿  50,000. FIGURE 10  Inner mitoehondrial membrane preparation labeled with goat  anti-rabbit F(ab) bound to 
ferritin, after incubation with D-cytochrome b5 and F(ab) anti-cytochrome bs. Characteristic labeled inner 
mitochondrial  membranes  (M).  Some  small  labeled  vesicles  attached  to  the  outer  mitochondrial 
membranes (arrows). Bar, 0.5  p.m,  ￿  50,000. FmURE 11  Electron  micrographs  of  the  lysosomal  preparation.  Membranes  treated  with  (a)  D- 
cytochrome b5 and normal F(ab); (b) T-cytochrome b5 and F(ab) anti-cytochrome bs; (c) D-cytochrome 
b5  and  F(ab)  anti-cytochrome bs.  All  the  membranes were  then  incubated with  anti-F(ab)/ferritin 
conjugate. (a) Some ferritin grains (arrows). (b) A few labeled vesicular membranes (arrows). (c) Some 
labeled  (arrows)  and  nonlabeled (O)  membranes.  Heavily labeled amorphous material  (M).  Inset: 
nonlabeled membrane containing  ferritin attached to material inside the vesicle. Bar, 0.5 /zm. ￿  50,000. FmuRr  12  Golgi preparation  I  treated with anti-F(ab)/ferritin conjugate after incubation with (a)  D- 
cytochrome bs  and  normal  F(ab)  and  (b)  T-cytochrome b5  and  F(ab)  anti-cytochrome  bs.  All  the 
manipulations were carried out at 4~  in the Morr6 medium (see Table I for details). (a) Very few ferritin 
grains  (arrows).  (b)  Some  small  vesicles heavily labeled  (arrows).  Characteristic  Golgi elements  not 
labeled: saccules  (S) and lipoprotein vesicles (LP). Bar, 0.5/zm.  ￿  50,000. tin grains (Fig. 13). These labeled spots are situ- 
ated mostly on the edges of the Golgi aggregates 
facing  the  external  medium.  When  the  Golgi 
apparatus is disaggregated, incubated with D-cy- 
tochrome bs, and immunochemically treated (Fig. 
14), most of the vesicles are labeled anyway. 
DISCUSSION 
Analysis of the 
Immunochemical Labeling 
Because  a  quantitative  analysis  of  the  cyto- 
chrome b5 labeling of the microsomes was already 
performed  using  hybrid  antibodies  (52),  we 
wanted to compare the results we obtained on the 
same fraction (Fig. 5 b) in order to estimate the 
efficiency of our immunochemical material. 
The labeling observed in this paper is similar to 
the one obtained with hybrid antibodies: we ob- 
served an average of 2.2 ferritin grains per profile 
for the control instead of 2.4, and 6.5 for the test 
instead of 9.5.  The number of ferritin molecules 
observed with hybrid antibodies represented only 
5%  of the  cytochrome b5  molecules.  The  defi- 
ciency of our labeling compared to the amount of 
antigen is also very important. Several reasons can 
be responsible for this discrepancy. First, the low 
labeling could be the result of a deficiency of the 
immunochemical  material.  The  amount  of anti- 
cytochrome  b5  F(ab)  incubated  with  the  mem- 
branes was enough  to bind twice the  amount  of 
cytochrome b~  present  in  the  membranes  when 
tested for their activity. Moreover, from the inhi- 
bition  curve  (Fig.  1),  we  deduced  that  at  least 
61%  of the  cytochrome  b 5  of  the  microsomes 
reacted with  the  F(ab)  when  using  the  labeling 
conditions. The  activity of the anti-F(ab)/ferritin 
conjugate was also tested (Fig. 2 and 3), and we 
found that the molar ratio between the ferritin of 
the conjugate and the fixed F(ab) fragments was 
0.5. 
In the labeling experiment, the amount of F(ab) 
fragments fixed on  the  membranes  was  not  di- 
rectly measured, and the amount of anti-F(ab)/fer- 
ritin conjugate added was thus calculated in order 
to  obtain  two  ferritin  molecules  for  each  cyto- 
chrome b~. Under these conditions, the number of 
anti-F(ab) active sites introduced was equal to the 
number of cytochrome b~ molecules. The insuffi- 
ciency of the immunological material can only par- 
tially explain the  large deficiency observed in the 
labeling  of  cytochrome  bs.  This  conclusion  is 
strengthened  if  we  observe  the  labeling  of  the 
microsomes after incorporation of D-cytochrome 
b5  (Fig.  5c).  The  immunological  reagent  intro- 
duced for the labeling together with the amount 
of cytochrome b 5 in the membranes were both 22 
times  greater  than  in  the  natural  microsomes. 
Under  these  conditions, the  average  number  of 
ferritin  molecules  per  profile  was  only  20  and 
represented  <1%  of  the  cytochrome  b5  mole- 
cules. 
Another explanation for the low labeling effi- 
ciency is the redistribution of the antigens on the 
membranes.  This  rearrangement  can  be  induced 
by some anti-cytochrome b5 dimers which account 
for 6%  of the F(ab) preparation and by some of 
the  anti-F-(ab)/ferritin conjugates which  contain 
several antibody active sites. Finally, cytochrome 
b5  molecules  can  be  either  nonhomogeneously 
distributed on  the  membranes  or  associated  in 
groups of molecules. The analysis of some of the 
pictures,  particularly  those  of  the  microsomes 
(Fig.  5c)  as  well  as  of the  inner  (Fig.  10)  and 
outer  mitochondrial  membranes  (Fig.  6c),  sus- 
tains the hypothesis of a  heterogeneous distribu- 
tion of the antigens (natural or induced); on the 
same  profile,  parts  of  the  membrane  can  be 
heavily labeled while others are devoid of ferritin. 
On  the  bases  of  biochemical  assays,  Ito  (28) 
proposed that about 50 cytochrome b 5 molecules 
were  associated  with  about  five  NADH  cyto- 
chrome b5 reductase molecules in the microsomal 
membrane;  this functional association would re- 
sult from a spatial clustering of the cytochrome b5 
molecules  on  the  membrane.  The  results  of 
Rogers  and  Strittmatter  (55)  are  contradictory, 
indicating that the molecules are randomly distrib- 
uted  on  the  membrane.  On  the  other  hand, 
NADPH cytochrome c reductase was localized on 
the  microsomal  membrane  by  Morimoto  et  al. 
(39) using an immunochemical method. The num- 
ber of ferritin molecules was lower than the num- 
ber of antigens, and the explanation proposed by 
the  authors was that three to five enzyme mole- 
cules were associated on the membrane. Because 
the significance of the absolute amount of ferritin 
is not definite, we will use the comparisons of the 
ferritin  labeling in  the  other  preparations  on  a 
qualitative basis and  also  as a  tool to  solve the 
problems raised by the presence of some contam- 
inant materials. 
Incorporation of Cytochrome b5 
into the Intracellular Membranes 
As  stated  earlier  and  described  in  Table  I, 
Josl~ REblACLE Cytochrome  b5 Binding to Subcellular Organelle Membranes  307 FIGURE 13  Golgi preparation I incubated successively with D-cytochrome b~, F(ab) anti-cytochrome bs, 
and anti-F(ab)/ferritin conjugate. All the manipulations were carried out at 4~  in the Morr6 medium (see 
Table-I for experimental details). Most of the small vesicles are heavily labeled. Parts of the distinctive 
Golgi elements showing ferritin grains (arrows). Saccules (S), tubules (T), lipoprotein vesicles (LP). Bar, 
0.5/xm.  x  50,000. FIGURE 14  Golgi preparation II, disorganized  by PBS  treatment  (Table  I), incubated with  D-cyto- 
chrome b~, F(ab) anti-cytochrome  bs, and anti-F(ab)/ferritin  conjugate. All the Golgi elements show 
vesicular aspects. Most of the membranes are heavily labeled. Some profiles saccule shaped, labeled (+) 
or not (O). Bar, 0.5/~m. x  50,000. 
different incubation and centrifugation conditions 
were  used  in  the  cytochrome  b5  incorporation 
experiments for the different subcellular prepara- 
tions; moreover, each organelle was isolated un- 
der  particular conditions in  order  to  purify and 
preserve  its  structure.  The  comparison  of  the 
absolute  amount  of cytochrome b5  incorporated 
by the different membranes is thus possible only 
with  the  assumption that  differences in  prepara- 
tory  techniques  do  not  affect  the  binding,  and 
hence  the  comparative  data  in  this  discussion 
should be considered tentative, subject to valida- 
tion of the above-mentioned assumption in future 
experiments. 
The  labeling experiments with  the  ER,  outer 
mitochondrial, and peroxisomal membranes indi- 
cate  that  cytochrome  b5  is  naturally  present  in 
these  three membranes.  The  low  cytochrome b5 
content  of the  peroxisomal preparation  and  the 
low labeling of the  membranes indicate that the 
amount of cytochrome b 5 in these membranes is 
very low.  These  observations confirm published 
results (17, 23, 52). 
When incubated in vitro with D-cytochrome bs, 
ER, outer mitochondrial, and peroxisomal mem- 
branes incorporated large amounts  of the  hemo- 
protein,  as  indicated by  the  spectrophotometric 
data (Tables III and IV) and by the heavy labeling 
of the  membranes  (Figs. 5c,  6c,  and  8).  More- 
over, most of the cytochrome was reduced in the 
presence of NADH.  Because  the  main contami- 
nant  membranes  of the  peroxisomal preparation 
represented no more than  5%  of the membrane 
protein and because all the vesicles of the prepa- 
ration were heavily labeled, we conclude that the 
peroxisomal membrane contained an NADH cy- 
tochrome b5  reductase.  This  result  confirms the 
biochemical analysis of the  peroxisomal prepara- 
tion  in  which  the  activity of  the  NADH  cyto- 
chrome c  reductase was  higher than  that  of the 
other ER markers. The proportion of membrane 
proteins in the peroxisomal preparation is difficult 
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micrographs (Figs. 7 and 8), most of the peroxi- 
somes  are  broken  or  altered.  Cytochrome  b5 
incorporation is thus best expressed with respect 
to  the  phospholipid content  of the  preparation; 
the values are then particularly high compared to 
those for the other membranes. 
Although  the  inner  mitochondrial  membrane 
does not naturally contain any cytochrome bs, it 
binds it very well in vitro and shows a  very nice 
ferritin pattern in the EM (Fig. 10). The reduction 
of a fraction (18%) of the bound cytochrome b5 in 
the presence of NADH (Table III) is not surpris- 
ing because 10%  of the outer membranes of the 
mitochondria are still present in the preparation. 
We  conclude,  then,  that  the  major  part  of D- 
cytochrome bs,  not  reducible by an  NADH-de- 
pendent reductase, is bound to the outer face of 
the inner mitochondrial membrane. In fact, there 
is  one  NADH  cytochrome  c  reductase  on  the 
inner face of the inner membrane, and it would be 
interesting  to  know  whether  the  enzyme  could 
reduce the cytochrome b5 fixed on the same side. 
If the results are expressed with respect to phos- 
pholipids (Table  IV),  the  values  become  really 
high and similar to those of the first three mem- 
branes. This effect results from the low phospho- 
lipid  content  of  the  inner  mitochondrial  mem- 
brane and matrix compared to the protein. 
The  absence  of cytochrome b5  spectra in  the 
lysosomal preparation and the low ferritin labeling 
of the membranes indicate that cytochrome b5 is 
not naturally present in the lysosomal membranes. 
After the  incorporation of cytochrome bs,  espe- 
cially if the values refer to the phospholipids, the 
amount  of  incorporated  cytochrome  b5  is  very 
low. Also, after the immunochemical reaction, the 
number  of  ferritin  molecules  observed  on  the 
lysosomal  membranes  is  very  low.  When  the 
experiment was  performed  on  intact lysosomes, 
the incorporation of cytochrome b5 into the prep- 
aration was also low (Tables III and IV) and, after 
the  labeling, ferritin  was  not  detectable  on  the 
membranes but on  the  amorphous material (not 
shown).  However,  the  lysosomes  broke  during 
manipulation.  From  all the  negative results,  we 
conclude  that  the  lysosomal membranes  do  not 
incorporate the hemoprotein. One explanation of 
the  negative  results  could  be  the  presence  of 
Triton  WR  1339  which accumulates in the lyso- 
somes.  We  have  shown  that  the  contact  of this 
molecule  with  the  microsomes  did  not  change 
their ability to fix the  protein. We cannot,  how- 
ever, exclude the fact that, in vivo, the prolonged 
contact of the membrane with Triton produces an 
irreversible change in the membrane.  The  possi- 
bility of cytochrome bs digestion by cathepsin was 
also investigated (Fig. 4).  No digestion occurred 
at pH 7.5 or above, where negative results of the 
presence of cytochrome b5 molecules on the mem- 
branes were observed. Lysosomal membranes ap- 
pear  to  be  different  from  the  others  because 
neither the presence of residual hydrolase activity 
nor prior exposure to Triton WR 1339 can explain 
the lack of binding. The presence of glycoproteins 
and  negatively charged  sialic acid  in  the  mem- 
brane  could  be  responsible  for  these  negative 
results, because they can prevent the hemoprotein 
from reaching the hydrophobic part of the mem- 
brane. Such a  situation was already found in the 
plasma membrane  (52).  This assumption is also 
likely for  the  lysosomal membrane  because  the 
Jatter  contains  twice  as  many  carbohydrates as, 
and  1.7  times more  sialic acid than,  the  plasma 
membrane (26). Another explanation for the lack 
of  binding  which  can  also  be  applied  to  the 
lysosomal membrane  has been  proposed by En- 
omoto and Sato (20). They suggest that the high 
cholesterol content of the membrane inhibits the 
binding of cytochrome b 5. 
The  Golgi  preparation  is  contaminated  by 
-20%  of ER-derived vesicles. It was shown  by 
Fowler et al. (23)  that  Golgi membranes do not 
normally possess cytochrome bs, and the presence 
of some labeled vesicles in Fig. 12b  is explained 
by the presence of contaminant membranes. The 
electron  micrographs  are  completely  different 
after the incorporation of D-cytochrome bs; only 
the  membranes  deeply inserted inside the  Golgi 
apparatus  are  not  labeled  (Fig.  13).  The  Golgi 
membrane  labeling  is  confirmed  by  the  heavy 
ferritin pattern obtained when the Golgi complex 
is dissociated before incorporation of cytochrome 
bs (Fig. 14). The presence of some lysosomal and 
plasma membranes in this preparation can explain 
the few nonlabeled membranes. The fact that the 
hemoprotein is incorporated into the Golgi mem- 
brane is also sustained by the presence of a large 
amount  of  cytochrome  b5  which  could  not  be 
reduced in the presence of NADH (Tables III and 
IV). We conclude that a  large part, if not all, of 
the  Golgi  membranes,  can  incorporate  D-cyto- 
chrome  b5  and  that  it  is  not  reduced  by  the 
reductase. 
The  fact that  inner mitochondrial, Golgi, and 
plasma  membranes,  not  possessing  endogenous 
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protein  in  vitro  gives  rise  to  the  idea  that  the 
anchorage  of integral protein in  membrane  is  a 
nonspecific  phenomenon.  This  conclusion  sup- 
ports the  idea,  with  respect to  the  fluid mosaic 
membrane  model  (61),  that  the  only reason for 
an integral protein to be inserted in a membrane 
is its hydrophobic association with the hydropho- 
bic portion of the lipids. 
Rogers and  Strittmatter (56)  have shown  that 
the maximum amount of cytochrome b5 bound to 
egg lecithin liposomes corresponds to one protein 
molecule per 11 phospholipid molecules. In agree- 
ment with the results of Strittmatter et al.  (65), 
the data in Table IV show that in the microsomes 
one  cytochrome b~  molecule  corresponds  to  45 
phospholipid  molecules.  Compared  to  artificial 
membranes,  the  lower  incorporation  of  cyto- 
chrome  b5  into  natural  membranes  can  be  ex- 
plained not only by differences in the physical and 
chemical properties but  also by  the  presence  of 
other integral proteins which limits the incorpora- 
tion of new integral proteins. In fact, Rogers and 
Strittmatter  (57)  have  shown  that  two  integral 
proteins restrict each other in their in vitro binding 
on a  membrane.  In this context, and taking into 
account the cautions already mentioned with re- 
spect  to  the  value  of  the  data,  the  amount  of 
cytochrome  b5  incorporated  into  the  different 
subcellular membranes could be a way of measur- 
ing their saturation in integral proteins. 
Even in the membranes where cytochrome b5 is 
naturally present, there is a large gap between the 
amount of cytochrome b5 present and the ability 
of the  membrane  to bind the protein. Thus,  the 
low cytochrome b 5 content of the  membranes  is 
not limited by the anchorage of the protein but is 
the result of a  steady state between its synthesis 
and its degradation (60). 
Origin of the Specificity of the 
Subcellular Membranes 
If we try to ascribe physiological implications to 
the results obtained on the in vitro incorporation 
of cytochrome b5  in  the  subcellular membranes, 
we  have  to  postulate  that,  for  this  particular 
problem, the membranes preserved their natural 
properties during the purification procedure. Two 
arguments sustain this supposition: firstly, extra- 
bound cytochrome b5 is enzymatically active and 
is  indistinguishable from  natural  cytochrome  b 5 
(65);  secondly,  the  fact  that  some  membranes 
(iysosomal membrane and the external face of the 
plasma membrane) do not incorporate the hemo- 
protein indicates that the homogenization process 
does not induce in all the membranes alterations 
that would be nonspecific for the incorporation of 
cytochrome b 5. 
In  keeping  with  the  assumption  mentioned 
above, we would like to compare the specificity of 
the  subcellular organelles with  respect to  the  in 
vitro  binding  and  the  in  vivo  location  of cyto- 
chrome b5 and ask whether the absence of cyto- 
chrome b5 in some membranes is the result of a 
structural incompatibility between the membranes 
and the protein. This does not seem to be the case 
because cytochrome b 5 can be incorporated into 
all the membranes, except for the lysosomes. So 
mechanisms  must  exist  in  vivo  to  prevent  the 
incorporation of newly synthesized cytochrome b5 
into a broad range of different intracellular mem- 
branes. We will discuss them  in view of what is 
known about the biogenesis of cytochrome b5 and 
about  the  relationships between  the  subceUular 
organelles in the cell. The turnover of cytochrome 
b~ was extensively studied (8) but the  site of its 
synthesis is still a matter of discussion (58). Cyto- 
chrome b5  is an endoprotein,  and some  authors 
believe  that  these  proteins  are  made  on  free 
ribosomes and  diffuse  to  the  membranes  where 
they  insert  spontaneously  (6,  34,  36).  This  hy- 
pothesis is compatible with our results only if we 
postulate that the endoproteins are synthesized as 
precursors which are incapable of being inserted 
into membranes but which are activated by prote- 
olytic enzymes  specific to  the  target  membrane 
(35, 58). A  simpler alternative is that cytochrome 
b 5 is made  on  membrane-bound  ribosomes (47, 
59); its insertion into the  ER membrane  is then 
easy to imagine because the hydrophobic part of 
the  protein, situated at  the  carboxy terminus of 
the peptide chain, is immediately in contact with 
the  membrane.  Such  a  mechanism  has  already 
been  proposed  for  the  biosynthesis  of  the 
NADPH-cytochrome c reductase (41). In view of 
the  results  of  Blobel  and  Dobberstein  (7),  the 
ribosomes on which the apocytochrome is synthe- 
sized would be directed to the ER membrane with 
a special signal sequence (58). 
The  presence of cytochrome b5 in the ER can 
explain the presence of the same molecule in the 
peroxisomal membranes. In fact, when one looks 
at  the  amount  of  cytochrome  b5  bound  with 
respect to  the  phospholipid content,  in  the  ER 
and  peroxisomal  membrane,  it  is  tempting  to 
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membranes with Novikoff's theory on the biogen- 
esis of peroxisomes (44).  Novikoff proposes that 
peroxisomes  arise  by  budding  from  the  smooth 
ER  and  differentiate  into  microperoxisomes be- 
fore acquiring their characteristic nucleoid. In this 
hypothesis,  the  membranes  of  the  peroxisomes 
originate from the ER, and it is not surprising that 
both membranes behave in the same way. Several 
biochemical  results  are,  however,  contradictory, 
for  example,  the  low  amount  of  natural  cyto- 
chrome b5  and  the  absence  of some specific  ER 
enzymes  in  the  peroxisomal  membrane.  Outer 
mitochondrial and  ER membranes are similar in 
some ways, for example, for their cytochrome b5 
content  and  incorporation,  and  are  different  in 
other respects. The significance of their similarity 
and the mechanism of their possible  relationship 
are still unclear. 
The Golgi apparatus does not contain the cyto- 
chrome in its membrane but is able to incorporate 
it, how, then, is this compatible with the continual 
and dynamic relationship between the ER and the 
Golgi  apparatus  (48)?  In  fact,  cytochrome  b5 
represents only one of the differences between the 
two  membranes  which  have  different  protein, 
enzyme, and lipid compositions (2,  5, 9, 21,  22, 
37,  38).  Several  hypotheses  explain  the  spatial 
relationship between the organelles: Morr6 et al. 
(40)  and  Claude  (11)  proposed  a  permanent 
continuity between the ER and the Golgi appara- 
tus. Other authors (5, 29, 45, 48) prefer the idea 
of an intermittent relationship between these two 
subcellular compartments through the  intermedi- 
ary  of small  vesicles.  Considering  this  latest  hy- 
pothesis and the fact that the Golgi membrane is 
able  to  incorporate  cytochrome  b5  in  vitro,  we 
conclude  that  in  vivo,  the  Golgi  membranes are 
not  in  contact  with  cytochrome  b~  and  that  a 
restriction for the latter occurs in the formation of 
the  small vesicles which  carry secretory proteins 
from the ER to the Golgi apparatus. 
As a general rule, we proposed that fusion and 
shuttling  processes are specific  for some integral 
proteins. Such a phenomenon is well known in the 
formation of some virus membranes. In this case, 
special peripheral proteins are responsible for the 
specific  assembling  of the  integral  virus proteins 
(t0).  A  similar  mechanism  would  explain  the 
maintenance  of the  specific  membrane  composi- 
tion  in  the  cell  and  the  discrepancy  observed 
between the in vitro binding of cytochrome b 5 and 
the  specificity  of  the  natural  subcellular  mem- 
branes. 
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